An effective-soil-pressure sensor for geotechnical applications based on Fibre Bragg Gratings is presented. The sensor simultaneous measures total soil pressure and pore pressure, allowing the calculation of the effective stress of soil. Calibration of the sensor using pressurised air demonstrated a pressure sensitivity of 2.02x10 -3 ± 2.84x10
INTRODUCTION
Human infrastructure is built on soils and therefore a good understanding of the mechanics of soil systems is required to assess their stability. In a saturated soil where no water movement exists, the total pressure in the soil at a certain depth is result of the sum of the effective soil stress and pore water pressure. Effective soil stress is related to the internal forces acting on the contact points of the particles, while the stress within the liquid phase (water) is called pore pressure. In geotechnical engineering and soil sciences, acknowledgement of the effective soil pressure is of extreme importance.
Electrical and fibre optic based total soil pressure and pore pressure sensors are commercially available. The electrical sensors use technologies such as vibrating wire or electrical strain gauges but their long term stability and durability present drawbacks which may be overcome by the use of fibre optic based sensors. Electrical sensors lack the multiplexing capability of fibre optic technology. The available fibre optic sensors are mainly based on interferometric or Fibre Bragg Grating (FBG) technologies 1, 2 . FBG based sensors are preferred to interferometric systems due to the ease of multiplexing. Many types of FBG based pressure sensors have been reported in the literature. The intrinsic pressure sensitivity of optical fibres is relatively low and a number of different techniques have been developed to increase the pressure sensitivity of FBGs by means of mechanical or other packaging techniques that transduce pressure into an axial strain across the FBG length 3, 4, 5 . The simplest way to transduce soil pressure into a measurable signal from an FBG is to attach the FBG to a thin plate and monitor the wavelength shift of the Bragg peak in response to the deflection of the plate as a function of the applied pressure 6 . This technique has been applied to develop a pressure sensor capable of measuring soil total pressure 7 . The limitation of this sensor is that it can only be used in unsaturated soils where no pore pressure exists and therefore the effective soil pressure is equal the total soil pressure. Extension of the use of this sensor on a saturated soil would require an additional pore pressure sensor to be used. In this paper we present an FBG based effective soil pressure sensor capable of performing the simultaneous measurement of soil total pressure and pore pressure allowing the measurement of the effective stress of the soil at a certain depth.
SENSING PRINCIPLE
The effective pressure sensor developed uses two diaphragms as sensing elements which independently transfer the soil total pressure and pore pressure into an axial strain along an FBG. A schematic diagram of the pressure sensor is presented in Figure 1 -a. The total soil pressure (effective stress + pore pressure) exerts a direct load over diaphragm (A) while only pore pressure acts on diaphragm (B) due to a porous sintered stainless steel filter attached to the sensor. According to thin plate theory 8 , the amount of deflection w obtained by an applied pressure P at a certain radial distance r from the centre of a plate of radius a clamped at the edges is:
where E is Young's modulus of the plate material, υ is Poisson's ratio and h is the thickness of the circular plate. According to Hooke's law, and assuming that no rotation of the plate is allowed due to the edge clamping, the strain in the radial direction is given by The strain obtained is maximum at the centre of the plate where r = 0 and zero for r = a/√3 and therefore the FBG was attached to the centre of the diaphragm to maximise the strain transfer. Compensation of thermally induced wavelength shifts could be undertaken by placing a second FBG on one of the diaphragms at the neutral position, i.e. at r = a/√3, resulting in a broadening of the FBG reflection peak with the pressure increase while the wavelength position of the Bragg envelop would be only sensitive to temperature 6 . 
SENSOR CALIBRATION
Two 4-mm long FBGs, fabricated in-house, with central wavelengths of 1555.25 nm and 1556.11 nm and reflectivity of 20 % were attached to the centre of two 50 mm diameter and 1 mm thick diaphragms using a two component epoxy resin. The thin plates were made of 316 grade stainless steel which has a Young's modulus and Poisson's ratio of 193 GPa and 0.3 respectively. The FBGs were interrogated using a tunable laser (Tunics) with a 1 pm resolution and the reflected light from the FBGs was coupled to a detector. Each diaphragm was calibrated by attaching the diaphragm to the pore pressure diaphragm clamping ring (Figure 1-a) and replacing the sintered stainless steel filter by an air plug that direct connected to a 1kPa resolution Druck calibrator. Figure 2 presents the results of the pressure calibration of both thin plates.
A total pressure in the range of 0 to 1000 kPa at 100 kPa increments was applied to both diaphragms and the dependence of the Bragg wavelength on the applied pressure exhibited good linearity. A pressure sensitivity of 2.02x10 -3 ± 2.84x10 -5 nm/kPa and 1.87x10 -3 ± 6.88x10 -5 nm/kPa was obtained for the total and pore pressure diaphragms respectively. The difference in sensitivities obtained is attributed to a mismatch in the placement of the FBG in the centre of the diaphragms. The pressure resolution of the sensors when interrogated with a 1pm interrogation system is 4.95x10 -1 kPa and 5.46x10 -1 kPa for the total and pore pressure diaphragms respectively. Following the sensor calibration, the measurement of the total pressure and pore water pressure was undertaken in two different soil types. For this experiment the Rowe cell presented in Figure 3 was used. Vertical stress is applied to the soil by means of an air pressure system that inflates a rubber membrane placed on the top of the soil. Pore pressure is increased by a water pressure system that is connected to a porous filter located at the bottom of the chamber where soil is placed. Fine sand consisting of 212 to 425μm diameter soil particles and coarse sand composed of 0.6 to 1mm diameter soil particles were independently tested. The effective pressure sensor was placed within the soil, at a depth of 50 mm and both the total and pore pressures were applied to the Rowe cell using two independent pressurising systems. Total pressure was measured over a range of up to 800 kPa at 100 kPa increments and pore pressure was increased up to 500 kPa in 100 kPa increments. The results obtained are presented in Figure 4 . In Figure 4 (a) it is observed that the soil total pressure measured at the sensor location is 4 times smaller than the total pressure applied to the soil for coarse sand and is 1.8 times smaller for the fine sand. This amounts to a sensitivity close to 25% of the sensitivity obtained with the air calibration for coarse sand, and 43% for fine sand. The difference in sensitivities when compared with the calibration undertaken using pressurised air is attributed to the different soil densities/stiffness that influences the interaction of the soil with the diaphragm, resulting in different soil arching conditions 9, 10 . Soil arching results from the deflection of the diaphragm that induces a disturbance of the stress field adjacent to the boundary, leading to a reduction of the actual pressure applied to the sensor 9 . The more accentuated sensitivity reduction obtained for coarse sand is a result of a higher soil stiffness compared with the fine sand, and presents behaviour similar to that observed by Talesnick 9 . To reduce the soil arching effect, a diaphragm with higher stiffness would be required to match the stiffness of the soil. When developing a soil pressure sensor it is desirable to perform a calibration of the sensor with different types of soil in order to obtain the calibration factor for that soil. The pore pressure reading of the sensor showed good agreement with the pore pressure applied to the Rowe cell. In contrast with the total pressure, the pore pressure readings showed better agreement with the air calibration results as water, similarly to air, applies a uniform load across the diaphragm.
CONCLUSION
An effective soil pressure sensor that allows the independent measurement of total pressure applied to soil and pore pressure was developed. Calibration of the sensor with air and different types of soil demonstrated that the response of the total pressure sensor is dependent on the soil type, exhibiting different sensitivities to the applied load for the different types of soil. For the pore pressure measurement it was observed that identical readings were obtained with the sensor when calibrated with air and measuring pore pressure.
